A continuous 7802 nucleotide sequence spanning the 94* of foot and mouth disease virus RNA between the 5 -proximal poly(C) tract and the 3'-terminat poty(A) was obtained from cloned cpNA, and the total size of the RNA genome was corrected to 8450 nucteotides. A long open reading frame was identified within this sequence starting about 1300 bases from the 5 end of the RNA genome and extending to a termination codon 92 bases from its polyadenylated 3 end. The protein sequence of 2332 ammo acids deduced from this coding sequence was correlated with the 260 K FMDV polyprotein. Its processing sites and twelve mature viral proteins were interred from protein data, available for some proteins, a predicted cleavage specificity of an FMDV encoded protease for Gtu / GlyCThr, Ser) linkages, and homologies to related proteins from poliovirus. In addition, a short unlinked reading frame of 92 codons has been identified by sequence homology to the polyprotein initiation signal and by in vitro translation studies.
INTRODUCTION
Foot and mouth disease viruses (FMDV) or aphthoviruses are picornaviruses which are the causative agent of an aggressive and economically important disease of cloven-footed farm animals. Their virion contains a single-stranded RNA genome of about 8 kb with a small protein (VPg) covalently attached to its 5' end, an internal poly(C) tract, and a poly(A) sequence at the 3' end.
This RNA is of positive polarity and can act directly as a messenger RNA.
Protein sythesis involves post-translational cleavage of a 260 K potyprotein which is encoded between a single major translation initiation site next to the poly(C) tract and the 3' end of the RNA. This mode of protein synthesis is common to all picornaviruses (1) and makes them interesting model systems for studying the mechanisms of translation initiation and of protein maturation by specific proteolytic cleavages (2) .
To obtain more information about the FMDV genome, its control signals and its gene products we have cloned cDNA copies of the viral RNA from strain O-jK and determined their nucleotide sequence. Using a set of overlapping clones we obtained a continuous sequence of 7915 nucleotides representing the 3' proximal long L segment of the FMDV RNA which is thought to contain all its coding information. In a previous publication we had already determined the initia-lion sites for polyprotein synthesis and a long open reading frame encoding the structural proteins of FMDV (3) . The present work extends this reading frame by the coding sequence for the non-structural proteins, predicting a single translation product of 2332 ammo acids which could be correlated in many parts with known protein data trom FMDV induced proteins. In addition, we report and discuss a sequence of 713 bases preceding the polyprotein gene to the poly(C) tract.
MATERIALS AND METHODS

Enzymes
Restriction endonucleases were isolated and purified by standard procedures or purchased from Boeringer Mannheim or Biolabs.
Avian Myeloblastosis Virus reverse transcriptase was a gift from W. Keller, Heidelberg. Nuclease S1 from
Aspergillus oryzae, calf intestinal phosphatase, and T4 polynucleotide kinase were from Boehnnger Mannheim, and terminal deoxynucleotidyl transferase was from BRL. [a / -32 P]-ATP was prepared according to (4) . 
FMDV cDNA clones
The clones FMDV-2735 and -2615 were constructed essentially as described by (3) using single-stranded restriction fragments (mapping at pos. 3662-3752
and 3792-3882, cf. Figure 2 ) trom the existing cDNA clone FMDV-715 as primers for cDNA-synthesis. The double-stranded cDNA was provided with dCtails and annealed to dG-tailed pBR322, linearized at the Pstl site. Construction of clones FMDV-3214a and -3214c was carried out using a modified procedure that avoids second strand synthesis and G/C tailing (cf. Figure 1 ):
cDNA synthesis was primed with an Aval/Hindlll restriction fragment (Pos.
692-743) from cDNA clone FMDV2735 which had been isolated from a 6* potyacrytamide strand separation get (8). Reverse transcription was followed by RNase treatment (pane. RNase 20ug/ml, 30 min., 37°C). Oligo-dA tails of 70-80 nucleotides were added to the 3'-ends of the cDNA using Terminal Deoxynucleotidyl Transferase. This ohgo-dA tailed cDNA was annealed to the DNA fragment complementary to the primer fragment. By this a partially double stranded molecule was obtained having a single stranded oligo-dA tail at its 3'-side and a double stranded portion at its 5'-side reconstituting the origi-nal Hindlll site ot FMDV pos. 743. This DNA molecule was then annealed to the vector pUC9 (6) , that had been cleaved by Pstl, dT-tailed, Hindlll cleaved and puntied by agorose gel electrophoresis. The DNA mixture was ligated and transformed into competent E.coli C600 cells. Clones were screened for FMDV inserts by colony hybridization with [ 32 P]-labelled FMDV RNA as described elsewhere (7) . Clones FMDV-2735 and -2615 were derived from RNA isolated from low passaged FMDV (7 passages), all other clones were derived from a virus-isolate after 64 passages in BHK cells. Nucleotide sequence analysis Restriction fragments were endlabelted and chemically degraded by the basespecific cleavage methods according to (8) . 5' endlabelling was used throughout except for the 3' end of the genome where 3' endlabelling was employed at a Hpall site located 68 nucleotides in front of the poly(A) tail. Thin sequencing gels (0,04 cm), either 40 or 100 cm long, were dried prior to printing, according to (9) to improve resolution of the bands in the sequencing ladders.
Computer analyses
The derived nucleotide sequences were entered into a data base, where the information was stored and processed using the computer programs of (10). The alignment program from Kriiger and Osterburg (unpublished) was based on the algorithm from (11) . The homology comparison in Figure 4b was based on such computer-derived alignments scoring "similar ammo acids" as one third of identical ammo acids.
RESULTS AND DISCUSSION
Cloning of FMDV cDNA A set of cDNA clones from FMDV strain OiK (FMDV-144, -512, -703, -715, -1034, -1448) has been described which cover the two thirds of the FMDV genome from the VP3 coding region to the 3' end (5, cf. Figure 2) . To obtain cloned cDNA copies upstream of the VP3 gene single-stranded restriction fragments from the existing cDNA clones (indicated by I and II in Figure 2 ) were used in two steps (7, 12) to prime cDNA synthesis close to the missing parts of the FMDV genome (see Methods and Figure 1 ). As a result the cloned part of the FMDV genome was extended into the 3'-end of the poly(C) tract. Nucleotide sequence analysis
In Figure 2 exact map positions of the cloned cDNA inserts used for nucleotide sequence analysis and the sequencing strategy are depicted. The methods of (8) were followed for 5' [ 3 2 P]-endlabelling and subsequent partial chemical The RNA template was hydrolyzed using pane. RNase, oligo-dA tails were added to the 3'-ends of the cDNA and the cDNA was annealed to the plus strand of the Aval/Hmdlll fragment (empty box), complementary to the primer fragment (step II). The partially double stranded and dA-tailed cDNA was annealed to pUC9 vector DNA (6) that had been Pstl cleaved, dT-tailed and Hmdlll cleaved in this order (step III) and then transferred into competent E.coli C600.
degradation of restriction fragments.
In order to obtain unambiguous sequence data most regions were sequenced in several independent runs, and the entire sequence was analyzed on both DNA strands ( Figure 2 ). Using overlaps of at least hundred nucleotides between subctones, a continuous sequence was generated over the 7915 cloned nucleotides starting with 11 C residues from the poly(C) tract and ending in 102 A residues as determined in clone pFMDV-3214c and pFMDV-512, respectively ( Figure 3 ). All cleavage sites piedicted in this sequence for the restriction enzymes used during the sequence analysis were also observed experimentally, except for a Clal site at position 5026. This site overlaps two Mbol sites which are known to be targets for adenosine methylation in E. coli (13) .
Minor heterologies in the sequence were observed in overlapping regions from different clones (Figure 3, 14) . Such point mutations are known to occur with high probability in populations of FMDV RNA (15) and in other viral RNAs because of the intrinsically imprecise mechanism of RNA replication (16). This variation was particularly obvious when cDNA from moderately and highly passaged virus (7 and 64 passages in 6HK cells, respectively) was compared. No substitutions were found in 550 bases overlapping the clones FMDV-2735 and -2615 from the same low passaged virus (14) .
The nucleotide sequence
The FMDV genome is divided by the poly(C) tract into two parts of different size and function. The small (S) segment to the 5' side (approx. 400 nucleotides (17) ) is probably involved only in initiation of viral RNA replication, and the large (L) segment 3' of the poly(C) contains all the protein coding informa-ryib'f"i ** • p».
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Nucleic Acids Research tion (18) . The sequence ot 7802 nonhomopolymeric nucleotides shown in Figure  3 , represents the complete primary structure ot the L segment. Assuming additional 150 bases tor poly(C) and 400 tor the S segment this corresponds to 94 % of the FMDV genome indicating that the size of the FMDV genome is about 8500 nucleotides, i.e. 500 nucleotides longer than estimated from sizinggets by (17) . This size correction is also supported by the sizing and the partial sequence analysis of cDNA copies that cover the as yet uncloned 5'-terminat part of the FMDV genome, i.e. the S segment and the poly(C) tract (7). So tar, all attempts to clone this missing part of the viral RNA have been unsuccessful. These difficulties seem to be related to the internal poly(C) tract, which, although readily copied into cDNA (7), is probably highly unstable in E. coli, as shown for other (GtC)-homopolymers longer than 30 basepairs (19) . In accordance with this notion we have only been able to clone 11 C residues from the 3' proximal part of the poly(C) tract which still contains interdispersed non-C nucleotides. The sequence obtained ...GCT(C)i 1AAG... was confirmed by direct sequencing of the cDNA extending into the poly(C) tract (7). It is different, but shows similarities to the sequence ..T(C) 2 AUUCCAAG... determined for the 3' end ot a T1 oligo nucleotide containing the poly(C) tract from FMDV O-V1 and A61 (17) .
Coding regions and translation initiation sites From the kinetics of the appearance of FMDV specific gene products it has been predicted that FMDV RNA contains a single long open translational reading frame for a 260 K polyprotein, which in turn is a precursor for all gene products. Our sequence reveals such a reading frame of 7035 nucleotides (pos. 766 to 7800) with a first possible initiaton codon for the polyprotein at position 805 (see Figure 3) . The coding region is preceded by 724 nucleotides of known sequence and by some additional 550 nucleotides of yet uncloned RNA comprising the poly(C) tract and the S fragment. It is followed by several atop codons in all three reading frames leaving 92 nucleotides untranslated in front of the poly(A) tail. Usually the 5' proximal AUG is used to initiate translation in an eucaryotic mRNA, which suggests that the ribosomes first recognize the capped 5' end ot the RNA and then traverse downstream until an AUG is encountered (20) . Clearly this model is not applicable to FMDV since translation of the major primary gene product starts at position 805 and to a lesser extent also at position 889 (3), which are the ninth and tenth AUGs downstream trom the poly(C) (see Figure 3 ). These two start sites differ from other AUG codons in the sequence in that they are preceded at a short dis- In FMDV there are 14 Glu-Gly, 3 Glu-Ser, and 9 Glu-Thr dipeptides in the polyprotein sequence which may be substrate for the FMDV protease. Of these only five, one, and one respectively are utilized, according to the protein map (Figures 3 and 4a) . Therefore, not simply the primary sequence but also a certain conformation of the amino acid sequence must be recognized by the viral enzyme.
Homoloqy to poliovirus
Gene organization and processing mechanisms predicted for FMDV from the nucleotide sequence in Figure 3 are summarized in Figure 4 and compared to those from poliovirus, a member of the enterovirus family. As outlined in Figure 4a, the overall organization is well conserved between the two genomes.
This map is also similar to the approximate gene map established for EMCV (29) , another well studied virus belonging to a third genus of picornaviridae. In Thus, the capsid proteins are larger in poliovirus, while FMDV has expanded its nonstructural proteins in the P3 segment ( Figure 4 ).
The alignment of the two genomes was refined using sequence homologies between functionally corresponding segments. Using a dot matrix program significant homology was detected on the ammo acid level throughout most part of the coding region, and to a lower extend also on the nucleotide level indicating common structural features of general functional importance (14) . As shown in Figure 4 these sequence homologies are very high in certain parts of two non-structural proteins, the polymerase (3d), and protein 2c (x/P34).
Less, but still high homology was detected between the protease genes and the capsid proteins VP2 and VP3, indicating that the functional specificity of these proteins was less stringently conserved during picornaviral evolution. The evolutionary divergance is most pronounced in proteins 1d, 2a/2b and 3a. Protein 1d (VP1) is the capsid protein most exposed at the surface of the virion and, as a consequence of the pressure of the host's immune system, its sequence is highly variable also between different aphtoviruses giving rise to 
